Abstract Atmospheric rivers (ARs) are narrow, elongated, synoptic corridors of enhanced water vapor transport that play an important role in regional weather/hydrology. Rain-on-snow (ROS) events during ARs present enhanced flood risks due to the combined effects of rainfall and snowmelt. Focusing on California's Sierra Nevada, the study identifies ROS occurrences and their connection with ARs during the 1998-2014 winters. AR conditions, which occur during 17% of all precipitation events, are associated with 50% of ROS events (25 of 50). Composite analysis shows that compared to ARs without ROS, ARs with ROS are on average warmer by~2 K, with snow water equivalent loss of~0.7 cm/d (providing 20% of the combined water available for runoff) and~50% larger streamflow/precipitation ratios. Atmospheric Infrared Sounder retrievals reveal distinct offshore characteristics of the two types of ARs. The results highlight the potential value of observing these events for snow, rain, and flood prediction.
Introduction
Atmospheric rivers (ARs) are narrow, elongated, synoptic corridors of enhanced water vapor transport that play an important role in regional weather and hydrology. Enhanced precipitation may occur when the moisture-laden ARs make landfall and interact with coastal and inland topography . ARs deliver beneficial rain and snow to the semiarid western U.S. that form a crucial source of fresh water [Guan et al., 2010; Dettinger et al., 2011; Rutz and Steenburgh, 2012] . On the other hand, extreme precipitation associated with ARs can often lead to floods and related damages. Ralph et al. [2006] showed that all seven floods during water years (WY) 1998 (WY) -2006 in the Russian River Basin in Northern California were associated with heavy rainfall produced by ARs. Similarly, Neiman et al. [2011] showed that 46 of 48 peak streamflow events during WY1998-2009 in western Washington were associated with ARs.
Compared to other winter storms, AR storms are typically warmer with a higher altitude of the melting level [e.g., Neiman et al., 2008 Neiman et al., , 2011 Kim et al., 2013; Warner et al., 2012] . Anomalously high melting levels associated with some ARs result in rain (instead of snow) falling at high elevations, thus leading to runoff over a much larger catchment area than during a typical storm. For example, the fractional catchment area contributing to runoff increases from 25% to 100%, as the melting level rises from 800 to 2800 m in the North Fork of the American River, California . Increased runoff area in turn contributes to larger runoff volume. For example, river forecast model simulations showed that in three California watersheds the runoff volume tripled when the melting level rose by 600 m [White et al., 2002] . A flood-producing rain-on-snow (ROS) AR event in the Bernese Alps, Switzerland, was associated with a 1700 m rise in the melting level altitude within 24 h [Rössler et al., 2014] .
Besides larger catchment areas contributing to runoff as a result of higher melting levels, rain falling on existing snow can lead to enhanced runoff due to melting of snow. The flood-producing ROS AR event in the Bernese Alps, Switzerland, mentioned above reduced snow depth by 40-60 cm at three meteorological stations within 6 h [Rössler et al., 2014] . A particularly warm ROS storm (which meets the AR criteria to be described later) in the Pacific Northwest melted 35-100% of the snowpack on the western slope of the northern and central Cascades and contributed to a flood event comparable in magnitude to the record in the Pacific Northwest [Marks et al., 1998 ].
It should be noted that the melting of snow by the transfer of heat from a liquid drop to frozen snow can be severely limited when the temperature of the drop is only a couple of degrees above freezing. In contrast, the GUAN ET AL.
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relatively warm ambient air and the condensation of vapor directly onto the snow surface can release large amounts of sensible and latent heat for the melting of snow [Moore and Owens, 1984, Table 1 ]. Such heat transfer between the air and the snow surface is plausibly substantial given the dew point temperature being above freezing and strong ventilation associated with the relatively windy conditions during ARs.
The form of AR precipitation (snow versus rain) and its impact on snowpack (accumulation versus melting) have important implications to water resource and flood management. Of particular interest here are ROS events during ARs, which present enhanced flood risks due to the combined effects of rainfall and snowmelt. ROS events during ARs have been documented largely in case studies [e.g., Marks et al., 1998; Rössler et al., 2014] , and the climatological relationship between ROS and ARs remains to be understood, which motivates the current work. The objectives of this study are twofold: (1) to identify the climatological relationship between AR and ROS events in the Sierra Nevada and (2) to examine overland and offshore differences between ARs with ROS and ARs without ROS. The analysis period is WY1998-2014, for which a satellite-based record of landfalling ARs and observations of key variables of interest are available for the study area (see section 2).
Data and Methods
SNOTEL Stations
Measurements of daily snow water equivalent (SWE) and precipitation from 38 SNOw TELemetry (SNOTEL) [Trabant and Clagett, 1990] stations in the Sierra Nevada are obtained from the California Data Exchange Center (http://cdec.water.ca.gov). Each station consists of a snow pillow ( Figure 1a , locations in green) and a colocated precipitation gauge ( Figure 1a , black on green). All these stations are located above 1500 m elevation. Surface air temperature (SAT) readings are available at most of these stations (Figure 1a , red). Precipitation measurements from stations not tied to the SNOTEL sites ( Figure 1a , black without green) are used together with the SNOTEL observations to calculate watershed mean precipitation. Nearly half of the precipitation measurements are from stations below 1500 m elevation. SWE and precipitation data during WY1998-2014 are used to match the period of the satellite AR landfall record (described below). SAT data are only available since WY2006. The SWE, precipitation, and SAT data were quality controlled following the procedures in Serreze et al. [1999] , with 0.9/0.3/0.5% data discarded for the three variables, respectively.
Streamflow Gauges
Daily full natural flow values during WY1998-2014 are obtained from the California Data Exchange Center for 11 gauges (Figure 1a , purple). The gauges are located at major rivers along the western slope of the Sierra Nevada in 11 watersheds and operated by various government and private agencies. Full natural flow is computed by increasing/decreasing the gauged flow at each measurement point to account for upstream diversions, storage, and exchange of water with other watersheds, providing an estimate of the natural flow at the gauging locations had the flow not been altered by upstream human activities [California Department of Water Resources, 1982] . The full natural flow (hereafter, streamflow) data were quality controlled similar to the SNOTEL observations, with 3.6% data discarded. The streamflow values in volume per unit time were converted to depth (of runoff) per unit time by normalizing the values with the basin area above the elevation (i.e., upstream) of the streamflow gauge.
Streamflow/precipitation ratios are calculated from the normalized streamflow and mean precipitation averaged over all available stations within a given watershed. It is noted that the limited number of precipitation gauges in each watershed cannot possibly capture the large spatial variability of precipitation in these watersheds, and the gauges represent only a first-order estimate of the precipitation distributions. For a given day, the streamflow/precipitation ratio is calculated using the 2 day mean streamflow and precipitation averaged over that day and the following day, to accommodate some of the delayed responses in streamflow. Similar time windowing was used in Neiman et al. [2011] to associate the dates of AR landfalls with annual peak daily flows.
Atmospheric Temperature, Water Vapor, and Water Vapor Transport
The Atmospheric Infrared Sounder (AIRS) version-6 level-3 (1°× 1°) standard retrievals [Chahine et al., 2006] provide temperature and water vapor at 12 pressure levels between 1000 and 100 hPa (unequally spaced by 50-150 hPa between each two levels), integrated water vapor (IWV), and SAT. Daily means are formed from weighted averages of the twice-daily satellite passes based on the number of data counts, to match
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the temporal resolution of the other data used. The data are available since WY2003. Daily integrated water vapor transport (IVT) is derived from wind and specific humidity at 17 pressure levels between 1000 and 300 hPa provided by the ECMWF Re-Analysis Interim (ERA-Interim) [Dee et al., 2011] .
AR Landfall Record
Ralph et al. [2004] defined ARs as water vapor filaments longer than 2000 km in length, narrower than 1000 km in width, and with greater than 2 cm IWV. This definition was later used by Neiman et al. [2008] to create the satellite-based record of landfalling ARs onto the West Coast of North America. This record lists dates when a 2 cm IWV "river" intersects the coastline between 32.5 and 41°N (California landfalls) and between 41 and 52.5°N (Pacific Northwest landfalls) as observed by the Special Sensor Microwave Imager and the Special Sensor Microwave Imager/Sounder [Kunkee et al., 2008] . This record now covers the period of WY1998-2014. Only California landfall dates are used in this study. 
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Definition of ROS Dates
ROS dates are defined using precipitation and SWE observations from the SNOTEL stations during the winter months of November to March, which is the primary snow season in the Sierra Nevada. Precipitation measurements are based on gauges with antifreeze that record the accumulated precipitation throughout the year [Serreze et al., 1999] ; direct detection and measurement of rainfall is not made at these stations. For a given station, ROS condition is defined if a notable amount of precipitation, i.e., >1 cm, falls during the day, while SWE is simultaneously reduced by any amount. ROS dates are then defined as the dates when the ROS condition is present at three or more stations within any 200 km zonal band. A similar approach was used in McCabe et al. [2007] in their definition of ROS based on the concurrence of precipitation and reduction in snow depth. As noted in McCabe et al. [2007] , it is possible that some ROS events may not result in the reduction of SWE. However, our focus is on ROS events that do result in the melting of snow, which the above definition captures. A general precipitation date is defined using the same criteria except without the requirement for SWE loss. Non-ROS dates are defined as when no station shows ROS condition. Dates with ROS conditions present at only one or two stations are excluded from the analysis. The 1 cm/d threshold for precipitation is used in Cohen et al. [2015] in their definition of ROS and roughly equivalent to the 0.04 cm/h threshold used in Lundquist et al. [2008] to signify actual occurrence of precipitation based on gauge measurements in the Sierra Nevada; smaller precipitation values are deemed less reliable due to the overall difficulty in accurately measuring precipitation in snow-covered areas.
Overland Characteristics
ROS conditions have occurred at many stations in the Sierra Nevada in nearly all the watersheds with available SWE and precipitation data (Figure 1b) . A larger number of events occur in the northern half of precipitation days (white; a measure of the overall climatology), and ROS days (black); see text for definitions. P values calculated from the binomial cumulative distribution function indicate the probability that the fraction of AR dates from a random sample of precipitation days in a given month (with the sample size the same as in Figure 2b ) could exceed the observed AR fraction in ROS days based on the general AR probability of occurrence in precipitation days of the given month. (d) The number of precipitation, AR, and ROS days relative to the total number of winter days. The area of each box is proportional to the associated number of days. The boxes are placed in a way consistent with the overlapping relationships between the various dates. (Figures 1b and 1c) . In general, stations at higher elevation have fewer ROS occurrences. ROS did not occur in the four stations above 2800 m during the analysis period. Almost all stations below 2800 m had at least one ROS date, with only two exceptions.
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A total of 50 ROS dates is defined for WY1998-2014, with large year-to-year variability in the number of events (Figure 2a) . The largest number of events occurred in WY1998 (eight dates) and WY2013 (nine dates), while no ROS events occurred in WY2000, WY2005, and WY2012. Reduction in SWE ranges between 0.1 and 1.9 cm/d, with notable event-to-event variability. Out of the 50 ROS dates, 25 (i.e., 50%) are also AR dates. Temperature information is not used in our ROS definition due to the shorter data record. It is nonetheless noted that during WY2006-2014 for which temperature measurements do exist, daily maximum temperatures at the SNOTEL stations were above freezing in all the ROS dates identified (not shown).
ROS occurs throughout the winter season (Figure 2b ). March has the most monthly ROS occurrence, i.e., 18 dates in 17 years, which is about 2 to 4 times as frequently as in any of the first 4 months of the winter season. Seven out of the 18 ROS dates in March are AR dates. December has the second largest monthly ROS occurrence, with 8 out of the 11 ROS dates associated with ARs. Note that December is the month when ARs are climatologically the most frequent . The monthly maximum (mean) daily reduction in SWE is 0.8-1.3 cm/d (0.6-0.7) during November-February and near 2 cm/d (1) in March. The three ROS dates with the largest reduction in SWE all occurred on non-AR dates in middle/late March in three different years, i.e., near the end of the snow season. In any month, the proportion of AR dates out of the ROS dates is significantly higher than would the proportion in a random sample of precipitation days (Figure 2c ), suggesting a strong connection between ROS and ARs.
The relationship between ROS and ARs is further illustrated in Figure 2d , which shows the number of precipitation, AR, and ROS days relative to the total number of winter days. A small fraction of AR days fall outside of the defined precipitation days (i.e., a small fraction of the blue box falls outside of the green box); precipitation during those ARs was weak and did not meet the three station, 1 cm/d requirements (see section 2.5).
As already shown in Figure 2a , AR frequency of occurrence is 50% in ROS days (percent of the red box overlapped by the blue box), which is~3 times the general AR frequency of occurrence in precipitation days (17%; percent of the green box overlapped by the blue box). Conversely, ROS frequency is 15% in AR days (percent of the blue box overlapped by the red box), which is 2.5 times the general ROS frequency of occurrence in precipitation days (6%; percent of the green box overlapped by the red box). Given the strong correspondence between ROS and ARs, the subsequent analysis focuses on ARs with ROS versus ARs without ROS. The two types of events are of interest given the typical impact of ARs on both precipitation and runoff and the added flood risks when ROS happens.
Composite characteristics of SAT, ΔSWE, and streamflow/precipitation ratios are shown in Figure 3 for ARs with and without ROS. For ARs with ROS, only those stations meeting the ROS conditions (a minimum of three stations on any given ROS date) are included in the composite calculations. For ARs without ROS, the composite is displayed only for the stations appearing in the ROS composite to facilitate comparisons. Composite SAT during ARs with ROS is consistently above freezing across the domain, with an average of~2.4°C (Figure 3a) . Composite SAT during ARs without ROS is colder, with an average of~0.2°C and mixed signs among different stations (Figure 3b ). The temperature characteristics are broadly consistent with observations made at Donner Summit, California, by the U.S. Army Corps of Engineers [1956] , which indicate that the probability of precipitation falling as rain or snow-rain mixture is less than 5% with SAT at 0°C, while at 2°C the probability is increased to 70% [Lundquist et al., 2008, Figure 10c] . Mean reduction in SWE is~0.7 cm/d for ARs with ROS, about one half the mean SWE accumulation rate over ARs without ROS (Figures 3c and 3d) . Composite precipitation at the ROS stations is 2.8 cm/d for ARs with ROS (not shown). In this regard, SWE loss contributes 20% of the combined water available for runoff (2.8 + 0.7 cm/d) at the ROS stations. Most of these stations are in wind-sheltered locations [Farnes, 1967] , where snowmelt during precipitation events could be suppressed due to reduced wind speed and associated turbulent heat fluxes. The percent contribution of snowmelt to the combined water available for runoff can be much larger in unsheltered areas as observed during the 6 day ROS AR event in February 1996 [Marks et al., 1998 ]. Streamflow/precipitation ratios are on average~50% larger during ARs with ROS than ARs without ROS (Figures 3e and 3f) , an indication of additional streamflow contributed by rainfall and snowmelt in the snow zone.
10.1002/2016GL067978 (Figures 3a, 3c , and 3e) with ROS and (Figures 3b, 3d , and 3f) without ROS. Positive (negative) values are in red (blue). Dark (light) colors indicate stations where the difference between the two panels in a given row is statistically significant (insignificant) at the 95% level. Mark sizes are proportional to the magnitudes of the values; the size scaling is the same in a given row but different between the rows. In each panel, the mean value averaged over all stations is indicated. Composite period is WY2006-2014 for SAT and WY1998-2014 for ΔSWE and streamflow/precipitation ratios.
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It is noted that the distinction in streamflow/precipitation ratios between the two types of events is not pronounced in the southern watersheds, where the magnitudes of the ratios themselves are also small compared to the northern watersheds. This is consistent with the higher elevation at the more southern watersheds (Figure 1a, shading) . Larger fractions of the basin area receive precipitation in the form of snow in these more southern, higher watersheds, leading to smaller streamflow/precipitation ratios. Also, less basin area experiences ROS in these higher watersheds, which contributes to smaller differences in streamflow/precipitation ratios between ROS and non-ROS events.
Offshore Characteristics
Composite plan-view analysis of IWV derived from AIRS exhibits the typical elongated structure associated with ARs in both ROS and non-ROS cases (Figures 4a and 4b ). While the overall IWV patterns are similar, ARs with ROS carry more water vapor, with IWV larger by~0.2 cm along the core section of AR composite. This is consistent with the close correlation between melting level altitude and IWV in ARs observed in the Bodega Bay-Cazadero area of California [Neiman et al., 2009 , Figure 9c ]. Both types of composites are associated with warm SAT 
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anomalies (relative to the daily climatology) along the AR and extended overland (Figures 4c and 4d) . Composite SAT anomalies are warmer by~1.5 K in ARs with ROS, consistent with larger IWV in these cases. The differences in IWV and SAT anomalies are consistent with the composite IVT anomaly patterns, which show IVT anomalies directed from the tropics/subtropics (extratropics) in ARs with (without) ROS (Figures 4e and 4f) .
Vertical cross sections of specific humidity and temperature anomalies (relative to the daily climatology) associated with ROS versus non-ROS ARs are shown in Figure 5 . The cross sections are in the cross AR directioñ 500 km off California where the contrast in SAT anomalies between the two types of events is the largest (Figure 4, blue lines) . Near the center of positive anomalies at 900 hPa ARs with ROS are moister by~1 g/kg compared to ARs without ROS (Figures 5a and 5b) . Temperature anomaly patterns are characteristic of the 
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AR frontal structure, with warm anomalies at the surface, southward intrusion of cold anomalies around 700 hPa, and warm anomalies aloft (Figures 5c and 5d) . Throughout the column, temperature anomalies are warmer by 1-2 K in the case of ROS ARs.
Conclusions
Focusing on California's Sierra Nevada where ARs have important impacts on the regional weather and hydrology, the current study identified ROS occurrences during the WY1998-2014 winters using observations of precipitation and SWE at 38 SNOTEL stations and established the connection between ROS and AR events using a satellite-based record of landfalling ARs along the California coast. ROS occurrence is dramatically increased from the general frequency of 6% in precipitation days to 15% during ARs. Out of the 50 ROS dates identified, 25 (i.e., 50%) are associated with AR landfalls, which is~3 times the general AR frequency of occurrence during precipitation days (17%). ROS occurs most frequently in March (18 dates in 17 years), which is about 2 to 4 times as frequently as in any of the first 4 months of the winter season that we define as starting in November. In any month, the proportion of ARs in ROS days is significantly higher than the general AR frequency in precipitation days.
Composite analysis shows that ARs with ROS are warmer by~2 K than ARs without ROS. SWE loss is~0.7 cm/d during ARs with ROS, providing 20% of the combined water available for runoff (3.5 cm/d) at the observation stations (where snowmelt tends to be suppressed compared to unsheltered areas). Streamflow/precipitation ratio is~50% larger during ARs with ROS versus ARs without ROS based on streamflow and precipitation data from 11 watersheds, indicating the combined contribution by rainfall (larger contributing area associated with higher melting level) and snowmelt to runoff. The AIRS satellite retrievals show distinct offshore characteristics of water vapor and temperature associated with the two types of ARs. The results highlight the potential value of observing these events for snow, rain, and flood prediction.
